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Significance

 Understanding RNA structure and 
dynamics inside cells remains a 
key challenge in molecular 
biology. Here, we establish a 
site-directed spin labeling 
approach that enables targeted 
NMR signal enhancement of RNA 
in complex environments, using 
dynamic nuclear polarization 
(DNP) to remove all background. 
By attaching the bisnitroxide 
radical AsymPol to defined RNA 
sites, we achieved 27-fold signal 
increase and provide proof-of-
concept for tunable and local 
sensitivity enhancement. This 
strategy provides a broadly 
applicable route for highly 
sensitive, site-specific NMR analysis 
of RNA or RNA complexes at 
physiological concentrations, 
paving the way for structural and 
biophysical investigations of RNA 
regulatory mechanisms within 
their complex native environments. 
We demonstrated the feasibility on 
the cancer gatekeeper regulator 
microRNA-34a targeting the mRNA 
of sirtuin 1.
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MicroRNAs regulate gene expression through sequence-specific interactions with 
target messenger RNAs (mRNAs), and their misregulation is a hallmark of cancer. 
MicroRNA-34a (miR-34a), a key modulator of the tumor suppressor p53, binds the 
mRNA encoding sirtuin 1 (mSirt1) and adopts multiple conformational states that 
influence repression efficiency. While such dynamics have been characterized in vitro, 
extending these studies to cellular environments is hampered by weak signals and sub-
stantial background inherent to nucleic acid NMR. To overcome this limitation, we 
developed a site-directed spin labeling strategy for RNA that enables targeted dynamic 
nuclear polarization (DNP) signal enhancement. Using the bisnitroxide polarizing agent 
AsymPol-NCS-SDSL, we conjugated spin labels to specific positions of mSirt1 RNA 
and annealed them to 13C,15N-cytidine-labeled miR-34a. At 9.4 T, we observed up to 
27-fold signal enhancements. The selectivity of polarization transfer within the RNA 
duplex relative to the surrounding environment could be tuned by matrix deuteration, 
while doping with paramagnetic metal ions accelerated polarization build-up times, with 
CuII proving more efficient than GdIII. This work establishes bisnitroxide-based SDSL as 
a powerful approach for targeted DNP of nucleic acids, enabling high-sensitivity studies 
of nucleic acids at concentrations ≤40 µm and paves the way for structural investigations 
of microRNA–mRNA interactions in cells.

RNA | site-directed spin labeling | targeted DNP | AsymPol | NMR spectroscopy

 MicroRNAs are central modulators of gene expression and their misregulation is linked 
to numerous diseases including cancer (1). Among them, microRNA 34a (miR-34a), a 
22 nucleotide long regulatory RNA, is frequently downregulated in tumors and plays a 
pivotal role in controlling the tumor suppressor protein p53 via a feedback loop (2–4). 
While miR-34a is directly regulated by p53, it indirectly acts on p53 via targeting the 
mRNA of the silent information regulator (SIRT1, here called mSirt1), a deacetylase of 
p53. It has recently been shown that miR-34a can adopt multiple conformations when 
bound to the mSirt1 transcript. A minor conformational state, discovered by NMR spec-
troscopy, displays enhanced repression efficiency (2, 5). This excited state is populated 1% 
in vitro, but interpretations of the effect in human cells are challenging to ascertain without 
knowing, e.g., the population of this state in the cell. Furthermore, how microRNA in 
general, and specifically miR-34a, select their specific targets from a pool of over 100 
targets (2–4), depends on several, environmentally defined, factors, such as ions, mRNA 
structure, etc. While these biophysical, structural, and dynamic behaviors have been 
observed in vitro, extending such analyses to cellular environments remains essential both 
for understanding mRNA function and for developing microRNA-based therapeutics (6).

 In-cell NMR has enabled the structural characterization of proteins and nucleic acids 
within the highly crowded cellular environment, which contains approximately 300 g/L 
of proteins, 100 g/L of RNA as well as ions and metabolites at a total concentration of 
around 300 mm  (7, 8). When using conventional solution-state techniques for in-cell 
NMR, millimolar concentrations of the target biomolecules are required, which can be 
achieved through overexpression (7, 8) or electroporation (9–11) into cells. Such concen-
trations exceed typical physiological levels and may compromise the biological relevance 
of the resulting structural information, while still suffering from spectral crowding with 
the dense molecular environment of the cell. Therefore, structural and biophysical char-
acterization of microRNA–mRNA interactions in cells continue to pose technical 
challenges.

 Solid-state NMR, combined with dynamic nuclear polarization (DNP) enhancement 
of signals, offers a powerful tool to probe nucleic acid structures and dynamics at low 
concentrations (5, 6, 12). DNP transfers the large polarization of unpaired electrons in D
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so-called polarizing agents (PAs), commonly bis-nitroxides, that 
are added to the sample of interest. The most effective mechanism 
of polarization transfer is the cross effect (CE), an electron–elec-
tron–nuclear three-spin interaction that first generates polarization 
on atomic nuclei surrounding the PA before it propagates through 
the matrix to the sample by spin diffusion (13). Under magic-angle 
spinning (MAS) and microwave (µw) irradiation, an NMR- 
observable nuclear magnetization with greatly enhanced sensitivity 
(up to 660-fold enhancement) over thermal equilibrium magnet-
ization can subsequently be observed through DNP (14). This has 
enabled studies of membrane proteins (15), amyloid fibrils (16), 
and intrinsically disordered proteins (17), both in vitro and in 
cells. Furthermore, it has enabled the detection of sparse confor-
mational states and key interactions in isolated nucleic acids (18, 
19) as well as nucleic acid–protein complexes (5, 20). Moreover, 
DNP has facilitated detection of biomolecules such as ubiquitin 
(21, 22), the yeast prion protein Sup35NM (23) and G-quadruplex- 
forming nucleic acids (24) at low concentrations in native cellular 
environments (25). However, conventional DNP uses PA con-
centrations on the order of 10 mm  (5, 26) and enhances both 
target and background signals, which limits its applicability for 
more detailed, selective RNA studies in complex mixtures.

 Targeted DNP approaches address this limitation by using PAs 
attached to the biomolecule of interest. Site-directed spin labeling 
(SDSL) is a technique that has been extensively used to incorpo-
rate spin labels at specific sites in proteins (27, 28). Indeed, pro-
teins that contain nitroxide monoradicals, incorporated by SDSL, 
have been used for MAS-DNP (29). Proteins were subjected to 
SDSL using nitroxide biradicals via conjugation of cysteine with 
methanethiosulfonate (29, 30) or maleimide (31) derivatives of 
AMUPol or TOTAPOL (SI Appendix, Table S1). Furthermore, 
amber codon suppression has been used to introduce an unnatural 
norbornene amino acid into ubiquitin followed by a click reaction 
with a tetrazine derivative of TOTAPOL (32). Alternatively, non-
covalent binding of TOTAPOL-modified high-affinity ligands to 
dihydrofolate reductase has been demonstrated to directly yield 
promising levels of polarization enhancement (33) or generate 
localized paramagnetic relaxation enhancement (PRE) that is read 
out via difference spectroscopy (Sel DNP) (34). Additionally, par-
amagnetic metal ions such as Gd3+  and Mn2+ , that can operate via 
the solid effect (SE) DNP mechanism and directly polarize atomic 
nuclei in the sample, have been used for DNP enhancement. By 
attaching a maleimide derivative of the chelating ligand DOTA 
to cysteines in ubiquitin and binding to Gd3+ , direct polarization 
of 13﻿C and 15 N via SE DNP yielded absolute enhancement factors 
of 9× and 100×, respectively (35, 36).

 To date, only two studies have demonstrated targeted DNP in 
nucleic acids, both relying on direct SE polarization of 13 C with 
Mn2+  that replaced natively bound Mg2+  in a hammerhead ribo-
zyme to obtain enhancement factors up to 8× (37, 38). Given that 
suitable high-affinity metal ion binding sites at desired locations 
are not universally present in nucleic acids (39), there is a clear 
need for further development of targeted DNP methodology for 
nucleic acids. With the advances made in nitroxide biradical PAs 
for CE DNP (40–42) and the growing recognition of RNA as a 
key player in biology (43, 44), development of new strategies 
optimized for specific DNP applications is of paramount impor-
tance and content of this work.

 Here, we report a SDSL approach in which a DNP-active 
nitroxide biradical is covalently linked to an RNA for targeted 
DNP. Specifically, an isothiocyanate derivative of the highly effec-
tive PA AsymPol (45) was conjugated to 2′-amino groups of RNA 
using established RNA modification chemistry (46, 47). Four 

spin-labeled fragments of mSirt1 were annealed to isotope-labeled 
miR-34a and subsequent DNP NMR yielded enhancement fac-
tors (εon/off ) of up to 27×. In proton-rich environments, the 
enhancement is dispersed between RNA molecules due to 
distance-dependent, environment-mediated spin diffusion. We 
show that the degree of localization can be tuned from a global 
enhancement to a more selective, albeit slightly reduced enhance-
ment by increasing the degree of deuteration of the surrounding 
matrix. We observed long build-up times (T﻿B ) for transferring 
spin polarization of the PA to detectable magnetization on the 
RNA that could be reduced using paramagnetic metal ions. These 
results demonstrate that nitroxide biradical-based SDSL can 
deliver targeted MAS-DNP in RNA and open the door to 
high-sensitivity studies of microRNA–mRNA complexes in cel-
lular environments. 

Results

Synthesis of AsymPol Isothiocyanate for RNA Conjugation. To 
enable SDSL of RNA with a DNP-active biradical, we designed 
and synthesized a reactive derivative of the PA AsymPol suitable 
for conjugation to defined positions within RNA. Aromatic 
isothiocyanates react readily and selectively under mild conditions 
with 2′-amino-groups in RNA, shown not to significantly perturb 
RNA structure (48, 49) and are, therefore, ideal reagents for SDSL 
(46, 50). The required 2′-amino-containing nucleotides can be 
introduced at specific sites either by solid-phase synthesis using 
known phosphoramidite building blocks (51–53) or by enzymatic 
methods (54). For 5′- and 3′-terminal functionalization of RNA, 
alkylamino solid supports and amino-modified phosphoramidites are 
available. Therefore, we prepared AsymPol-NCS-SDSL (Scheme 1) 
for covalent and SDSL of amino-modified RNA with AsymPol.

 The synthesis of AsymPol-NCS-SDSL  started with a conden-
sation of 1  with 2  to yield monospirocycle 3 , followed by oxidation 
to give nitroxide radical 4  (Scheme 1). Reductive amination to yield 
﻿5  was followed by conjugation with 3-carboxy-pyrrolinoxyl nitrox-
ide 6  (55) and gave 7 , which was hydrolyzed to the corresponding 
carboxylic acid 8 . Subsequent coupling with 4-aminobenzylamine 
and reaction with thiophosgene yielded AsymPol-NCS-SDSL  in 
a total of seven steps.

 Although this scheme describes an AsymPol derivative for con-
jugation to 2′-amino RNA, it represents a general strategy. First, 
the AsymPol-carboxylic acid 8  can be modified with functional 
groups other than isothiocyanates for different conjugation chem-
istry. Second, introduction of the aminobenzyl linker with stand-
ard amide coupling chemistry and conversion to the relatively 
stable and easy to handle aromatic isothiocyanate group at a late 
stage makes the strategy compatible with other PAs. This synthesis 
provides a robust and versatile route to AsymPol functionalization, 
yielding an isothiocyanate derivative that enables covalent site- 
specific labeling of RNA, establishing the foundation for targeted 
DNP studies of nucleic acids.  

RNA Conjugation. To evaluate the efficiency and versatility of 
AsymPol-NCS-SDSL for targeted RNA labeling, we conjugated 
it to defined sites within mSirt1 representing distinct structural 
contexts. AsymPol was introduced at four different sites in 
synthetic mSirt1 analogs (S1–S4) representing base-paired and 
bulged regions (Fig. 1A and SI Appendix, Table S2). AsymPol-
NCS-SDSL was reacted with S1–S4 in borate buffer for 4 to 
8 h at 37 °C as described previously (Fig. 1A) (46). Excess spin 
labeling reagent and any unreacted starting RNA that might have 
been produced by transamidation of the aliphatic amino groups 
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during solid-phase synthesis were removed by standard denaturing 
polyacrylamide gel electrophoresis (PAGE) purification. Electron 
paramagnetic resonance (EPR) spectra of the AsymPol-conjugated 
mSirt1 (S1*–S4*) showed partial reduction of the biradical to 
a monoradical, which reduces the DNP-active RNA-labeled 
fraction to 10 to 20%. This was accounted for by deconvolution of 
the proportion of bi- and monoradicals (SI Appendix, Fig. S1 and 
additional discussion in SI Appendix, section 1.4). The available 
amount of biradical-modified RNA is thus equivalent to typical 
working concentrations of exogenously transfected nucleic acids 
in solution-state in-cell NMR experiments (11). Therefore, we 
proceeded with sample preparation for DNP NMR. Spin-labeled 
S1*–S4* was annealed with 13C,15N-cytidine-labeled miR-34a 
[MC, transcribed from a tandem repeat plasmid as reported 
previously (5)] to produce RNA duplexes that accommodate the 
PA in base-paired, open bulged or dangling structural contexts and 
at various distances to the isotope-labeled nucleotides (Fig. 1B).

DNP-Enhanced NMR Spectroscopy. To assess the performance of 
AsymPol-labeled RNA in DNP MAS NMR, we compared signal 
enhancements and structural integrity across spin-labeled miR-
34a:mSirt1 duplexes under optimized experimental conditions. 
While previous DNP experiments on the mSirt1:miR-34a 
duplex were performed with isotopically labeled guanosine (5), 
cytidine labeling was used here to reduce spectral complexity 
(three C vs. eight G nucleotides) and to avoid 13C signal overlap 
with spinning side bands from MAS at 11 kHz. The biradical-
conjugated RNA duplexes (MCS*, Fig.  1B and SI  Appendix, 
Table  S3) were dissolved at a concentration of 20 to 40 µm 
in a matrix comprising 60% 12C3,2H8-glycerol, 40% H2O, 
and 175 mm each of trehalose and mannitol, referred to as 
“DNP nectar,” which provides higher DNP enhancement 
factors compared to conventional “DNP juice” (5, 56). DNP 
experiments were conducted with ~8 to 16 µg (0.5 to 1 nmol) 
of biradical-conjugated RNA in 3.2 mm rotors at 400 MHz 1H 

frequency, 263 GHz gyrotron frequency, with 11 to 12 kHz 
MAS frequency at 102 to 110 K. The presence of monoradicals 
due to partial reduction of the biradical can result in PRE and 
thus affect CE polarization transfer (57–61). However, due to 
long intermolecular distances (on the order of 10 to 20 nm, see 
also below), this effect will be negligible. Therefore, the observed 
signal enhancement and polarization build-up times can be fully 
attributed to the biradical-bearing fraction of the RNA. Full 
details of the spin labeling conditions, sample preparation, and 
NMR experiments are given in the supporting information.

﻿1 H–13 C cross polarization (CP) MAS experiments yielded 
enhancement factors (εon/off ) in the range of 5× to 27×, with the 
strongest enhancement observed for MC﻿S2*  and MC﻿S3*  (Fig. 2 
and SI Appendix, Table S4). The enhancement factor can vary 
by ~21% between sample preparations for the same duplex, 
which can be attributed to rotor packing with the highly viscous 
DNP nectar (SI Appendix, Tables S4 and S5). Nucleobase car-
bon atoms C2, C4, and C6 were directly observed and agree 
with results for unmodified RNA under conventional DNP 
conditions (SI Appendix, Fig. S5), while ribose C1′ to C5′ and 
nucleobase C5 were not visible due to signal background from 
trehalose and mannitol. Background removal by means of a 
﻿15 N–13 C zTEDOR experiment (62) revealed the N1-bound 
anomeric C1′ resonance (SI Appendix, Fig. S3). Together with 
unchanged chemical shifts of nucleobase nitrogen atoms N1, 
N3, and N4 in 1 H–15 N CP MAS spectra (SI Appendix, Fig. S4), 
no significant structural perturbation was observed for the cova-
lent attachment of the PA. The average build-up time of 
steady-state nuclear polarization under µw irradiation (T﻿B,on ) is 
24 ± 3 s for the four duplexes, as determined by saturation 
recovery of the bulk 1 H signal (SI Appendix, Fig. S6); optimal 
signal-to-noise per unit time is obtained when the interscan 
delay equals 1.3 × T﻿B,on  (63). For AsymPol-POK, a water-soluble 
derivative of AsymPol, T﻿B,on  = 1.5 s has been determined at a 
PA concentration of 10 mm  in DNP juice under comparable 

Scheme 1.   Synthesis of the bis-nitroxide AsymPol-NCS-SDSL for SDSL of amino-modified RNA. Full experimental details are given in SI Appendix.
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experimental conditions (45). Here, the concentration of 
AsymPol is equal to that of the biradical-conjugated RNA at 
20 to 40 µm , resulting in a >250-fold decrease in concentration 
and a 16-fold increase in T﻿B,on . This inverse relationship between 
PA concentration and T﻿B,on  is well known (57, 64–69) and the 
present findings qualitatively match reports of some nitroxide 
monoradicals for which a 40-fold decrease in concentration 
increases T﻿B,on  8 to 12-fold (70). These results demonstrate that 
covalent attachment of AsymPol enables substantial DNP 
enhancement without detectable perturbation of RNA struc-
ture, establishing the feasibility of targeted hyperpolarization 
at low RNA concentrations.            

The Role of Spin Diffusion. In CE MAS DNP, electron 
polarization is first transferred to 1H nuclei with strong hyperfine 
coupling to the biradical, from where it moves outward and 
then rapidly propagates into the bulk of the sample by spin 
diffusion (13, 71). Recent experimental studies, combined with 
numerical simulations, show that in the case of AsymPol-type 
PAs, the initial polarization transfer proceeds to 1H spins in 
the matrix rather than those directly bonded to the PA (72). In 
order for targeted DNP to produce signal enhancement that 
remains confined to the vicinity of the spin-labeled biomolecule 
and thus minimize polarization leakage to unwanted sample 
constituents, spin diffusion must be controlled.

B

A

C

Fig. 1.   (A) Conjugation of amino-modified RNA with AsymPol-NCS-SDSL (full experimental details in SI Appendix). B denotes the nucleobase (here: C/U for S1–
S3, A for S4). (B) Secondary structure of modified mSirt1 fragments S1*–S4* (Top strands) hybridized with miR-34a (MC, Bottom strands). 13C,15N-cytidine isotope 
labeling is indicated in blue. Attachment sites for spin labeling are highlighted in orange. A wavy line denotes 3’-terminal attachment with a hexylamino linker 
for S4*. (C) Top: Under conventional DNP conditions, resonances from an RNA of interest (blue) can be obscured by those from other, more abundant, sample 
constituents such as proteins, carbohydrates, and interfering nucleic acids (green, yellow, violet) that are also enhanced by the PA (orange). Bottom: By SDSL the 
RNA of interest with the PA, a targeted enhancement over the background is achieved.
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 To investigate spin diffusion, the biradical was separated from 
the isotope label by preparing a sample of two mixed RNA 
duplexes containing 26 µm  each of 1) natural abundance miR-34a 
hybridized with U22-spin-labeled mSirt1 (MS3* ) and 2) 13 C,15 N 
cytidine-labeled miR-34a hybridized with non-spin-labeled 
mSirt1 (MC﻿S5 ) (Fig. 3). At this concentration, the average dis-
tance between duplex molecules is on the order of 10 to 20 nm 
(Wigner–Seitz radius). A 1 H–13 C CP MAS spectrum in DNP 
nectar [40% H2 O, 180 mm  each of trehalose and mannitol,  
[1 H] = 48 m ] shows significant signal enhancements for the C2, 
C4, and C6 resonances of cytidine in one duplex from the 
AsymPol spin labels in the other duplex, which we attribute to 
spin diffusion. T﻿B,on  of the bulk 1 H polarization in the mixed 
sample was unchanged from the values reported in SI Appendix, 
Table S5, while εon/off , which mainly reports on glycerol, trehalose, 
and mannitol signals, had decreased by 48% with respect to 
﻿MC﻿S3*  (Fig. 3A). Exchanging H2 O to D2 O [final [1 H] = 4 m] 
greatly reduces spin diffusion and consequently prevents polari-
zation transfer between the mixed duplexes, leading to no observ-
able signal from the isotope-labeled RNA (Fig. 3B). For the 
nonmixed duplex MC﻿S3* , reducing [1 H] from 48 m  to 15 m  (DNP 
nectar with 10% H2 O, 30% D2 O) has no discernible effect on 
εon/off  or the relative intensity of RNA resonances over the back-
ground (Fig. 3C), but increased T﻿B,on  to 30.4 ± 0.1 s. This level of 
matrix deuteration is equivalent to conventional DNP juice 
[[1 H] = 11 m  ] , which is optimal for nontargeted DNP (73), indi-
cating that there is still spin diffusion present. At [1 H] = 4 m   in 
DNP nectar, however, background signals are greatly diminished 

while the nucleobase carbon resonances are less affected Fig. 3D 
and T﻿B,on  of the bulk 1 H polarization remains at 31.7 ± 2.2 s. 
Improved localization with a concomitant increase in T﻿B,on  has 
also been observed in targeted protein hyperpolarization with a TOTAPOL- 
modified peptide ligand bound to its target protein in a perdeu-
terated matrix (31). Therefore, it would be expected that localiza-
tion of the polarization enhancement to miR-34a:mSirt1 RNA 
duplexes would benefit from complete deuteration of the matrix. 
These findings confirm that matrix deuteration effectively confines 
polarization to the spin-labeled RNA, reducing background signal 
while preserving the RNA signal, an essential step toward achiev-
ing target-selective DNP in complex environments.            

Doping with Paramagnetic Metal Ions. To explore strategies 
for accelerating polarization build-up and improving overall 
sensitivity, we examined the effect of paramagnetic metal ions 
on the DNP performance of AsymPol-labeled RNA. High 
TB,on necessitates a long recovery time and, therefore, limits the 
amount of signal per unit time that is possible to acquire. The 
sensitivity of targeted DNP may be improved by employing a 
higher concentration of PA-conjugated RNA to reduce TB,on 
(64). While this approach is feasible in  vitro, it might not be 
possible when working with limited amounts of RNA in cells. 
Therefore, we investigated whether paramagnetic dopants, such 
as CuII or GdIII, could be exploited to increase the sensitivity of 
targeted DNP. In a recent study, addition of up to 8 mm GdIIIHP-
DO3A was shown to increase 13C hyperpolarization of isotope-
labeled glucose by trityl radicals at 1.1 K (74). CuIINa2EDTA, 

A B

C D

Fig. 2.   1H–13C CP MAS spectra (3 ms τCP) of (A) MCS1*, (B) MCS2*, (C) MCS3*, (D) MCS4* in DNP nectar with (black) or without (gray) µw irradiation. εon/off was 
determined from the signals between 50 and 110 ppm. TB,on was measured by saturation recovery. Asterisks (*) denote background from natural isotopic 
abundance trehalose and mannitol, which overlaps with the ribose C1’ to C5’ and nucleobase C5 resonances. # indicates an unassigned background signal.
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on the other hand, has been mainly employed in conventional 
solid-state NMR to reduce 1H longitudinal relaxation times and 
therefore enable shorter interscan delays (75, 76). Samples of the 
RNA duplex MCR3* in DNP nectar were titrated with either 
CuIINa2EDTA up to 30 mm (Fig. 4 A and B) or GdIIIDOTA up to 
6.1 µm (Fig. 4 C and D). While TB,on was reduced with increasing 
dopant concentrations as anticipated, this was accompanied by a 
significant reduction in εon/off (Fig. 4E and SI Appendix, Table S5), 
especially for cytidine C6, where resonances became unobservable 
at the highest concentrations of paramagnetic dopants. Thus, 
DNP sensitivity was not enhanced and is in line with previously 
reported values (57). Interestingly, the achievable signal-to-noise 
per unit time was unchanged when doping with CuII (Fig. 4F), 
indicating that it might be possible to identify paramagnetic 
metal ions with favorable properties for DNP NMR, where 
reduction in the interscan delay is larger than reduction of the 
signal enhancement. While extended experiment durations due 
to long TB,on times currently remain a limitation of the presented 
approach for dilute samples, future improvements of these initial 
doping experiments can potentially lead to sensitivity gains with 
different metal ions.

Discussion

 In summary, we established that AsymPol-NCS-SDSL  enables 
targeted DNP MAS NMR of RNA. Conjugation of this isothio-
cyanate derivative of AsymPol to amino-modified RNA was 
achieved under mild conditions. This strategy is generally adapt-
able, allowing spin-labeling with other PAs or employing alterna-
tive labeling chemistries when isothiocyanates are not suitable.

 Using spin-labeled mSirt1 mRNA fragments hybridized with 
﻿13 C,15 N-cytidine labeled miR-34a, we observed DNP enhance-
ments of up to 27-fold (Figs. 1 and 2). At the low RNA/biradical 
concentration of 20 to 40 µm  used in the present study, sensitivity 
was limited by bulk 1 H polarization build-up times. Paramagnetic 
doping with GdIII  did not enhance the DNP sensitivity, while 

CuII  retained the signal-to-noise per unit time, suggesting that 
alternative dopants could be used to optimize experimental per-
formance further.

A

B

DC

Fig. 3.   (A) 1H–13C CP MAS spectra (3 ms τCP) of mixed RNA duplexes 
MS3* + MCS5 in DNP nectar (40% H2O, 180 mm each of trehalose and 
mannitol) with (black) or without (gray) µw irradiation. The proton 
concentration in the matrix is 48 m. After D2O exchange of the labile 
protons, the residual proton concentration had been reduced to 
4 m and no intermolecular polarization transfer between duplexes 
was observed. (B) Spin diffusion was efficient at high proton 
concentration (cyan) and propagates 1H polarization throughout the 
matrix (orange), resulting in intermolecular signal enhancement. At 
lower proton concentrations, this effect was strongly attenuated. (C) 
For the spin-labeled duplex MCS3*, a proton concentration of 15 m 
(10% H2O, 30% D2O) has little effect on signal intensity (compare 
Fig. 2C). (D) At 4 m proton concentration (40% D2O), prominence of 
the RNA signals over the matrix has increased and enhancement 
decreased. Asterisks denote background from natural isotopic 
abundance glycerol, trehalose, and mannitol. x denotes spinning 
sidebands of background signals. # indicates an unassigned 
background signal.

A B

C D

E F

Fig. 4.   (A) 1H–13C CP MAS spectra (3 ms τCP) of MCS3* in DNP nectar with 
increasing concentrations of paramagnetic CuIIEDTA. Spectra are scaled to 
the same max. signal intensity. Asterisks denote background from natural 
isotopic abundance glycerol, trehalose, and mannitol. x indicates spinning side 
bands. (B) Build-up of bulk 1H polarization for the same samples measured 
by saturation recovery. TB,on was determined from monoexponential fits to 
the data (solid lines). (C and D) Same data for MCS3* with added GdIIIDOTA. 
(E) Quantification of targeted DNP enhancement factors (εon/off, black) and 
bulk 1H polarization build-up times (TB,on, red) for the data in panels (A–D) 
(SI  Appendix, Table  S5). While addition of paramagnetic metal ions results 
in a pronounced improvement of TB,on, εon/off is affected negatively. (F) The 
resulting DNP sensitivities [εon/off × (TB,on)−1/2, black] did not show reduced 
sensitivity per unit time upon addition of CuII, while for GdIII, the signal-to-
noise per unit time (red) was reduced.D
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 Spin diffusion in proton-rich matrices spreads polarization 
between neighboring RNA duplexes. Hence, deuteration of the 
matrix greatly improved intramolecular localization of the polar-
ization enhancement with only a moderate loss of sensitivity. This 
approach allows targeted DNP studies of nucleic acids in the same 
way they have long been possible for proteins, without needing 
preexisting binding sites for paramagnetic metal ions such as 
Mn2+ , making the method broadly applicable. Moreover, the rel-
atively low effective biradical PA concentration used here (20 to 
40 µm , compared with ~10 mm  conventional CE DNP) may be 
advantageous for in-cell applications by minimizing potential 
unwanted interactions with cellular components.  

Materials and Methods

Full details for the synthesis and characterization of AsymPol-NCS-SDSL, 
synthesis, spin-labeling, and EPR analysis of RNA oligonucleotides as well as 
technical details about MAS DNP NMR instrumentation and experiments are 
given in SI Appendix.

RNA Synthesis and Folding. Sequence information is given in SI Appendix, 
Table S2. All RNAs were purified by denaturing PAGE (77). The purity was checked 
by analytical denaturing PAGE and concentrations were determined from the 
ultraviolet absorbance at 260 nm.
In vitro transcription. Unmodified mSirt1 RNA was prepared by in vitro transcrip-
tion from a synthetic DNA template with T7 RNA polymerase (78). The preparation 
of miR-34a with nucleotide-specific isotope labeling using cleavage of tandem 
transcripts with RNase H has been described earlier (5, 79).
Solid-phase synthesis. Amino-modified RNA oligonucleotides were prepared 
by standard solid-phase synthesis (80, 81) with 2’-O-TOM-protected rAAc, rCAc, 
rGAc, and rU phosphoramidites using 5-ethylthio-1H-tetrazole as the activator. 
2’-NH2-modified nucleotides were incorporated as 2’-N-TFA protected CBz and 
U phosphoramidites.
Spin-labeling with AsymPol-NCS-SDSL. Amino-modified RNA (20 to 40 nmol) 
was dissolved in borate buffer (20 µL, 100 mm, pH 8.6), mixed with AsymPol-
NCS-SDSL (20 µL, 100 mm solution in DMF) and incubated at 37 °C for 4 to 8 h. 
Following PAGE purification, the spin-labeled RNA was analyzed by ESI MS and 
EPR spectroscopy.
Folding. miR-34a:mSirt1 duplexes were folded by dissolving each RNA (5 nmol) 
in a buffer containing 15 mm NaPi pH 6.5, 25 mm NaCl, and 0.1 mm EDTA (20 µL), 
heating to 95 °C for 5 min and letting cool to 25 °C over the course of 3 h. Proper 
annealing was confirmed by analytical native PAGE (15%).

Solid-State MAS DNP NMR Spectroscopy.
Sample preparation. Annealed RNA duplexes (5 nmol) were lyophilized and 
mixed with trehalose and mannitol (9 µL, 500 mm each in H2O or D2O), H2O or 
D2O (1 µL), and 12C3,2H8-glycerol or 2H8-glycerol (15 µL). The compositions of all 
samples are listed in SI Appendix, Table S3.

For metal ion titrations, the annealed duplex MCS3* (5 nmol) was lyophilized 
and dissolved in a mixture of trehalose and mannitol (8 µL, 500 mm each in 
H2O) and 2H8-glycerol (15 µL). Solutions of CuIINa2EDTA (300 mm) or GdIIIDOTA 
(90 mm) were successively added in aliquots of 0.4 to 1.3 µL to achieve the dopant 
concentrations listed in SI Appendix, Table S5.

Samples were transferred into 3.2 mm sapphire rotors, sealed with silicone 
plugs or polytetrafluoroethylene inserts and closed with VESPEL SP-1 drive caps.

MAS DNP experiments. 1H–13C CP MAS spectra were acquired with and without 
µw irradiation for all samples to calculate the DNP enhancement factor εon/off. 
Signal intensities (Ion/off) and root mean square (RMS) of the noise (σon/off) were 
measured from 50 to 110 ppm and 350 to 380 ppm, respectively. Taking into 
account the number of scans (NSon/off) for each experiment, the enhancement 
factor and its uncertainty are given by

εon∕off =
Ion NSoff

Ioff NSon
,

 

Δεon∕off =

√

(

�on

Ion

)2

+

(

�off

Ioff

)2

.

Polarization build-up times of the bulk 1H magnetization under µw irradiation 
(TB,on) were determined via echo saturation recovery (SI Appendix, Fig. S2B) with 
eight values between 0 and 128 s for recovery delay τ. Time points were acquired 
in a single scan after 200 ms saturation and processed with an exponential line 
broadening of 500 Hz. Integrated bulk 1H signal intensities were fitted to a mono-
exponential function with weights for each time point given by the RMS of the 
noise in an empty region of the spectrum. Uncertainties of the resulting TB,on 
were taken as the SE of the fit:

I(t) = I0

(

1−e

t

TB,on

)

.

Data, Materials, and Software Availability. Study data are included in the 
article and/or SI Appendix.
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